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Performance for many visual tasks improves with training. The magnitude of improvement following
training depends on the training task, number of trials per training session and the total amount of train-
ing. Does the magnitude of improvement also depend on the frequency of training sessions? In this study,
we compared the learning effect for three groups of normally sighted observers who repeatedly practiced
the task of identifying crowded letters in the periphery for six sessions (1000 trials per session), according
to three different training schedules—one group received one session of training everyday, the second
group received a training session once a week and the third group once every 2 weeks. Following six ses-
sions of training, all observers improved in their performance of identifying crowded letters in the
periphery. Most importantly, the magnitudes of improvement were similar across the three training
groups. The improvement was accompanied by a reduction in the spatial extent of crowding, an increase
in the size of visual span and a reduction in letter-size threshold. The magnitudes of these accompanied
improvements were also similar across the three training groups. Our ﬁnding that the effectiveness of
visual perceptual learning is similar for daily, weekly and biweekly training has signiﬁcant implication
for adopting perceptual learning as an option to improve visual functions for clinical patients.
 2012 Elsevier Ltd. All rights reserved.1. Introduction
Performance for a variety of visual tasks improves with practice
(e.g. Ball & Sekuler, 1982, 1987; Beard, Levi, & Reich, 1995; Fahle &
Edelman, 1993; Fiorentini & Berardi, 1980, 1981; Karni & Sagi,
1991; McKee & Westheimer, 1978; Poggio, Fahle, & Edelman,
1992; Saarinen & Levi, 1995). The magnitude of improvement fol-
lowing the process of repeated practice (training), often termed
perceptual learning, depends on many aspects of the training re-
gime, including the task chosen for training, the total amount of
practice and the amount of practice within each training session.
Recently, perceptual learning has been proposed as a treatment
to improve visual functions or to overcome some of the disabilities
as a result of amblyopia (Astle, Webb, & McGraw, 2011; Levi & Li,
2009; Polat, 2009), presbyopia (Polat et al., 2012) and macular
disorders (Chung, 2011). A major consideration for applying per-
ceptual learning to improving vision in clinical patients is compli-
ance, which usually relates to the inconveniences brought about by
the training regime. For instance, if the training regime calls for
many training sessions, or extensive hours of training for each
session, patients may ﬁnd it difﬁcult to adhere to the trainingll rights reserved.
hung), sandyrtruong@gmail.-schedule. Fortunately, for many visual tasks, improvements usually
occur fairly rapidly for the ﬁrst couple of training sessions (e.g. Fio-
rentini & Berardi, 1981; Karni & Sagi, 1993; Poggio, Fahle, & Edel-
man, 1992), although it has been shown that performance for
certain tasks could improve slowly after the initial rapid improve-
ment; and may require up to 40–50 h of practice to reach a plateau
(Li, Klein, & Levi, 2009; Li, Provost, & Levi, 2007). Also, shorter
training sessions have been shown to be more effective in inducing
improvements than longer ones (Molloy et al., 2012). Therefore,
the number of training sessions and the duration of each session
may not be the major factors limiting patient compliance.
Numerous studies that examined perceptual learning in observ-
ers with normal vision adopted a protocol in which observers
attended daily training sessions (e.g. Chung, 2007; Chung, Legge,
& Cheung, 2004; Chung, Levi, & Tjan, 2005), or at the minimum,
three to ﬁve training sessions per week (e.g. Gold, Bennett, &
Sekuler, 1999; Li, Klein, & Levi, 2009; Li, Provost, & Levi, 2007;
Saarinen & Levi, 1995; Sun, Chung, & Tjan, 2010). This frequency
of training sessions was believed to be crucial to maximize the
beneﬁt of perceptual learning. However, is daily training really
necessary to obtain the largest amount of improvement? If percep-
tual learning is to be adopted as a treatment for clinical popula-
tions, relaxing the frequency of training sessions is necessary as
many patients may not be able to attend daily training sessions.
This is especially so for visually impaired patients who are not able
2 A power analysis for ANOVA designs revealed that our sample size of eight
observers per group yielded a power of 0.999 to detect any effect at p = 0.05, for our
training task of identifying crowded letters, as well as for the untrained tasks of
spatial extent of crowding measurements and visual-span measurements. For the
trained task of identifying crowded letters, we assumed an improvement in
proportion-correct of 0.181, with a standard deviation of 0.048 (values based on
ﬁnding of Chung (2007)). This yielded an effect size of 3.77. For the untrained tasks,
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would depend on arrangements for transportation. Therefore, the
primary goal of this study was to examine the dependence of the
efﬁcacy of perceptual learning on the frequency of training ses-
sions. We compared the amount of improvement following per-
ceptual learning in the normal periphery for three training
schedules: daily, weekly and biweekly (every 2 weeks). Daily train-
ing was the popular schedule used in many previous perceptual
learning studies. We chose to evaluate the effectiveness of a
weekly and biweekly training schedule because many visually im-
paired observers are able to participate in research projects in our
laboratory once a week or once every 2 weeks, implying that a
weekly or biweekly training schedule is feasible for this group of
patients. However, it remains unknown whether the effectiveness
of perceptual learning would be reduced when there is a longer
time interval between training sessions.
Though virtually any training task could be used to address our
primary goal, in this study, we trained normally sighted observers
to identify letters closely ﬂanked by two other letters (learning to
‘‘uncrowd’’) in the periphery. This training task has been proven to
be effective in reducing crowding in the normal periphery (Chung,
2007; Sun, Chung, & Tjan, 2010) and in observers with amblyopia
(Chung, Li, & Levi, 2012). Crowding refers to the deleterious inﬂu-
ence of nearby contours on visual discrimination (Levi, 2008; Pelli,
Palomares, & Majaj, 2004). Previously, we trained observers to
identify a letter closely ﬂanked by two other letters, and found that
following 6000 trials of repeated testing, observers improved in
their ability to identify the ﬂanked letters. This effect was found
in the normal periphery (Chung, 2007; Sun, Chung, & Tjan, 2010)
as well as in the amblyopic eye of a group of amblyopic observers
(Chung et al., 2012). Because our target and ﬂanking letters were
randomly chosen from the 26 lowercase letters on each trial, the
observed improvements could not be attributed to observers learn-
ing a speciﬁc combination of letters, as in studies in which only a
very limited set of combinations of letters was used for training
(e.g. Huckauf & Nazir, 2007). Using a different paradigm in which
the letter spacing between the ﬂanking letters and the target letter
varied during training, Hussain et al. (2012) reported a similar ef-
fect that crowding can be reduced in the normal periphery and in
amblyopic observers through perceptual learning. Interestingly,
even when the training task was not speciﬁcally designed to re-
duce crowding, such as in video-game playing (e.g. Green & Bave-
lier, 2007; Li et al., 2011), or using a task that is more closely
related to lateral masking than crowding1 (Maniglia et al., 2011),
a reduction in crowding was still observed following perceptual
learning. The reduction in crowding was manifested as either better
acuities measured in the presence of ﬂankers in close proximity, or a
reduction in the target-ﬂanker spacing such that the performance for
discriminating some attribute of the target (e.g. contrast or orienta-
tion) was not affected (for a review, see Huurneman et al., 2012).
The design of this study closely followed that of Chung (2007)
with some modiﬁcations. In the Chung (2007) study, despite a sub-
stantial improvement in observers’ ability to identify crowded let-
ters following a daily training protocol, the improvement did not
lead to improved reading speed. Previously, Legge and coworkers
showed that the visual span, the number of characters that can be
recognized in a single glance, is a sensory bottleneck on reading
(Legge, 2007; Legge et al., 2007). This supposition is based on the
strong correlation (r2 > 0.8) between reading speed and the size of
the visual span (expressed as mutual information transmitted in
bits, see Section 2) determined for different stimulus characteristics
such as contrast, letter size and stimulus presentation eccentricity.1 The distinction between lateral masking and crowding has been addressed in
previous studies (Chung, Levi, & Legge, 2001; Pelli et al., 2004).Given the link between reading speed and visual span, and the ﬁnd-
ing of Chung (2007), we expected that the visual span, like reading
speed, would not beneﬁt from the same uncrowd training task.
Such a result would further strengthen the supposition of the visual
span as a sensory bottleneck on reading. On the contrary, if the vi-
sual span beneﬁts from the uncrowd training task, then the close
relationship between the visual span and reading speedwould need
to be revisited, and the results might help us understand why
reducing crowding does not beneﬁt reading speed. The secondary
goal of this study was to test if the improvements following a train-
ing protocol to learn to uncrowd would lead to an enlargement in
the visual span.
To preview our results, we found that observers showed an im-
proved ability to identify crowded letters following six sessions of
training. Most importantly, the magnitudes of improvement were
similar for the daily, weekly and biweekly training groups. The
improvement due to training was accompanied by a reduction in
the spatial extent of crowding, an increase in the size of the visual
span and a reduction in letter-size threshold. The magnitudes of
these (transferred) improvements were also similar among the
three training groups.2. Methods
Twenty-four young adults with normal vision, aged 19–27, par-
ticipated in this study. Written informed consent was obtained
from each observer after the procedures of the experiment were
explained and prior to the commencement of data collection.
Observers were randomly assigned to one of three training groups,
with eight observers in each group.2 The three training groups dif-
fered only on the frequency of the training sessions, with one group
receiving training on a daily basis (‘‘daily’’), the second group re-
ceived training on a weekly basis (once a week on the same day of
the week, ‘‘weekly’’) and the third group received training every fort-
night (once every other week on the same day of the week, ‘‘bi-
weekly’’). The average ages of the three groups were very similar
(daily = 20.13 years, weekly = 20.75 years, biweekly = 20.5 years).
All testings (pre-tests, training and post-tests) were performed at
10 eccentricity in the lower visual ﬁeld.
The basic experimental design and training schedule are repre-
sented schematically in Fig. 1. The pre-test, lasted approximately
1.5 h, consisted of the measurements of letter-size threshold, spa-
tial extent of crowding and a visual-span proﬁle (in the order
listed). The letter-size threshold was used to determine the letter
size that was used in subsequent testings (other pre-tests and
training).
Training consisted of six sessions, each lasting approximately
1 h. The training task was very similar to that used in Chung
(2007), whereby observers identiﬁed a letter ﬂanked closely by
two other letters on each trial, at 10 in the inferior visual ﬁeld
(Fig. 2A). The only differences between this study and Chung
(2007) were that we used Courier font in this study (Times font
was used in Chung (2007)) and that we speciﬁed the letter separa-
tion with respect to the standard letter spacing (equivalent tothe assumed effect sizes were 6.783 (average post-pre ratio = 0.624, standard
deviation = 0.092, based on Chung (2007)) for the spatial extent of crowding
measurements; and 3.414 (average improvements in bits = 6.1, standard devia-
tion = 1.787, based on Chung, Legge, and Cheung (2004)) for visual-span
measurements.
                               Pre-test
Measurements of: • Letter-size threshold
• Spatial extent of crowding
• Visual-span profile
   Biweekly Training Group
Six sessions of training (1000 
trials per session), once every 
other week (same day of the 
week)
    Weekly Training Group
Six sessions of training (1000 
trials per session), once per 
week (same day of the week)
      Daily Training Group
Six sessions of training (1000 
trials per session), once per 
day for six consecutive days
                              Post-test
Measurements of: • Visual-span profile
• Spatial extent of crowding
• Letter-size threshold
Fig. 1. A schematic cartoon illustrating the basic experimental design of the study.
A B C
Fig. 2. Stimulus conﬁgurations for the different tasks. In (A), the trigram bck is presented at 10 directly below a small ﬁxation dot. Observers’ task was to identify the middle
letter. Here, the center-to-center separation between letters is 0.8 the standard spacing, the separation that we used for training. For the pre- and post-test measurements of
the spatial extent of crowding, the stimulus conﬁguration was identical to that shown in (A), with the exception that we tested observers’ performance for identifying the
middle letter of trigrams for letter separations ranging from 0.8 to 2 the standard spacing. A sample trigram rendered at each of the letter separation is shown in (B). For the
pre- and post-test measurements of the visual span, trigrams were rendered at the standard spacing and were presented at 13 letter positions (indexed by the middle letter of
each trigram), from six letter slots left of, to six letter slots right of the vertical midline (C). Observers’ task was to identify all three letters, from left to right. The gray lines and
the numbers indicating letter positions are shown here for illustration purpose only. They were not shown on the monitor during testing.
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comprised 10 blocks of trials, with 100 trials per block. Observers
in the daily training group completed their training over six con-
secutive days, while observers in the weekly and biweekly training
groups completed their training over six and eleven consecutive
weeks, respectively.
The post-test immediately followed the last training session on
the same day. Following the last training session, observers were
given a 15–30 min break before the post-test commenced. The
post-test was identical to the pre-test except that the measure-
ments of the visual-span proﬁle, spatial extent of crowding and let-
ter-size thresholds were conducted in the reverse order as that
during the pre-test.
2.1. Stimuli
Trigrams, random sequences of three letters arranged horizon-
tally, were used as stimuli during all phases of the experiment
(pre-test, training and post-test). With the exception of the vi-
sual-span measurements, the middle letter of each trigram was
presented at 10 directly below a ﬁxation target. For the visual-
span measurements, the trigrams were presented at 10 below
the ﬁxation target, but at various letter positions right or left of
the vertical midline (see details later). Stimuli were generated ona Macintosh G4 computer with software written in MATLAB 5.2.2
(The MathWorks, MA), using the Psychophysics Toolbox exten-
sions (Brainard, 1997; Pelli, 1997), and were displayed on a Sony
color monitor (Model # GDM-17E21, refresh rate = 75 Hz). All
trigrams comprised only lowercase letters rendered in Courier
font, randomly chosen from the 26 letters of the Roman alphabet,
and were rendered as black (0.2 cd/m2) letters on a white back-
ground (45 cd/m2). The center-to-center separation between adja-
cent letters of the trigrams varied, depending on the different task
(see below). Each trigram was presented for 106 ms, a duration
shorter than the latency of saccadic eye movements. The task of
the observers was to identify only the middle ﬂanked letter (all
tasks except for the measurement of visual-span proﬁles) or all
three letters (measurement of visual-span proﬁles) of each trigram
while ﬁxating the ﬁxation target.
2.2. Pre- and post-test: Letter-size threshold measurements
Letter-size threshold was measured using letter trigrams, where
adjacent letters were separated from each other by a center-to-
center separation equivalent to 3 the standard letter spacing. This
letter separation was large enough such that the measured size
threshold approximated the unﬂanked threshold; while at the
same time, maintained the same task demand for our observers.
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letter sizes in each block. Observers’ task was to identify the mid-
dle letter of each trigram. For each observer, a cumulative-Gauss-
ian function was used to ﬁt the data relating the proportion of
correct responses and letter size. The letter-size threshold was de-
ﬁned as the letter size that yielded 52% correct (50% correct after
correction for guessing) on the cumulative-Gaussian function.
2.3. Pre- and post-test: Spatial extent of crowding measurements
Performance for identifying the middle letters of trigrams was
measured as a function of letter separation during pre- and post-
tests, as in Chung (2007). Five letter separations were tested, rang-
ing from 0.8 to 2 the standard letter spacing (Fig. 2B). Letter size
was 1.4 the letter-size threshold as determined previously for
each observer, which yielded a proportion of correct responses
averaging 0.85 (range: 0.63–0.93) for the largest letter separation
before training. A cumulative-Gaussian function was used to ﬁt
the data relating the proportion of correct responses and letter sep-
aration. The separation that yielded 52% correct (50% correct after
correction for guessing) on the cumulative-Gaussian function was
used to represent the spatial extent of crowding.
2.4. Pre- and post-test: Visual-span measurements
Visual-span proﬁles were measured using a trigram-recognition
task as in Chung, Legge, and Cheung (2004). Letter size was ﬁxed at
1.4 the letter-size threshold. For this task, trigrams were pre-
sented at 13 positions, indexed by the position of the middle letter,
from six letter slots left of the vertical midline (letter slot 0 was 10
directly below ﬁxation) to six letter slots right of the vertical mid-
line (Fig. 2C). Each trigram position was tested ten times in a ran-
dom order within a block of trials, yielding a total of 130 trials
tested in each block. Observers’ task was to identify all three letters
of each trigram, from left to right. A letter was scored as being
identiﬁed correctly if and only if its order within the trigram was
also correct. To calculate the overall performance of letter identiﬁ-
cation at each letter slot, we combined the identiﬁcation accuracies
across trials where the letter slot was occupied by the left, middle
or right letter of a trigram. A split-Gaussian function centered at
letter slot 0 was then used to ﬁt each set of data relating identiﬁ-
cation accuracy and letter position, representing the visual-span
proﬁle (Chung, Legge, & Cheung, 2004; Legge, Mansﬁeld, & Chung,
2001). Curve-ﬁtting was restricted to data within ﬁve letter slots
left and right of ﬁxation because the sixth letter slot left and right
of ﬁxation did not contain trials where the letter slot was occupied
by the inner letter (the letter of a trigram closest to ﬁxation). To
quantify the size of the visual span, following Legge, Mansﬁeld,
and Chung (2001) and Chung, Legge, and Cheung (2004), we con-
verted the identiﬁcation accuracy at each letter slot to bits of mu-
tual information transmitted by the visual span. According to
Information Theory (Shannon, 1948), mutual information mea-
sures the amount of information that can be obtained about one
random variable by observing another. In other words, it quantiﬁes
the dependence between the joint probabilities (the entropy or the
uncertainty) of two events. With respect to our task, the two
events could be: what is the probability of an observer’s response
being a ‘b’, given a stimulus letter ‘h’? Because there were 26 let-
ters, the mutual information transmitted at a given letter slot ran-
ged from zero bit for chance accuracy of 0.0384 to approximately
4.7 bits for perfect identiﬁcation. To convert letter identiﬁcation
accuracy at a given letter slot to bits of mutual information trans-
mitted, we used the following equation which was derived based
on confusion matrices for single letter identiﬁcation determined
empirically by Beckmann (1998):Bits of information ¼ 0:037þ 4:676
 proportion correct of letter identification
Then we summed up the total bits of information transmitted
across all letter slots of the visual-span proﬁle. This method of
quantifying the visual span is akin to calculating the area under
the curve.2.5. Training task
The training task was similar to the one used in Chung (2007),
whereby observers repeatedly identiﬁed the middle letters of tri-
grams rendered at a letter separation of 0.8 the standard spacing,
which caused substantial crowding (letter identiﬁcation accuracy
was much lower than that for a larger letter separation). Letter size
used for training was 1.4 the letter-size threshold. Regardless of
the training group assignment, all observers completed six sessions
of training. Each session consisted of 10 blocks of trials, with 100
trials per block.2.6. Data analyses and reporting
Curve-ﬁtting was accomplished using Igor Pro, which mini-
mized the v-square between the observed and predicted values.
Unless otherwise stated, the reported error bars associated with
the group-average values represent the 95% conﬁdence intervals.3. Results
Consistent with the results of a previous study (Chung, 2007),
performance for identifying the middle letters of trigrams rendered
at a letter separation of 0.8 the standard spacing at 10 in the nor-
mal periphery improved following 6 days of training for the daily
training group. More importantly, using the same training task,
observers in the weekly and biweekly training groups also showed
substantial improvement following six sessions of training. Fig. 3
presents the data during training for two observers of each training
group, one with the most (top panels) and the other with the least
(bottom panels) amount of improvement, to show the range of per-
formance during training for each training group. To quantify the
improvement, for each observer, we ﬁt a linear regression function
relating his/her identiﬁcation accuracy as a function of training
block (Chung, 2007; Chung, Li, & Levi, 2012). A t-test was performed
to determine if the slope of each regression function differed from a
slope of 0, an indication that there was no improvement due to
training. The p-values of this analysis are given in Table 1. After
Bonferroni correction for multiple comparisons (p-value 6 0.0021
to be considered as signiﬁcant), the changes in performance during
training for one observer of each of the three training groups are
found to be not signiﬁcantly different from 0, implying these three
observers did not show any training effect. The proportion of
observers who did not show any improvement following training
is lower than those reported in the literature (Chung, Levi, & Tjan,
2005; Fahle & Henke-Fahle, 1996).
With the linear regression function, another analysis we per-
formed to quantify the magnitude of improvement due to training
was to compare the performance accuracy between the ﬁrst and the
last (60th) block based on the calculated values from the ﬁtted
function (see Table 1). Averaged across observers of each group,
themagnitude of improvement ((accuracy for the last block  accu-
racy for the ﬁrst block)/accuracy for the ﬁrst block) was
37.9 ± 16.8%, 49.4 ± 24.5% and 26.1 ± 6.8% for the daily, weekly
and biweekly training groups, respectively. These values are not dif-



























































Fig. 3. Proportion of correct responses of identifying a letter ﬂanked by two other letters at 0.8 the standard spacing is plotted as a function of training blocks, for two
observers in each training group (left: daily training group; middle: weekly training group; right: biweekly training group). Each symbol represents the performance for a
block of 100 trials. Data for the observer in each group demonstrating the most amount of improvement during training are shown in the top panels. Data for the observer in
each group showing the least amount of improvement during training are shown in the bottom panels. In each panel, the black solid line represents the best-ﬁt regression line
to the 60 blocks of training data of the individual observer (observer’s code given in the upper left corner); while the gray solid line represents the best-ﬁt regression line to
the data averaged across the eight observers in the respective training group.
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training groups (results not shown, ANOVA: Fdf=2 = 0.13, p = 0.88).
To examine whether the improvement in identifying crowded
letters generalize to improved ability to identify letters ﬂanked at
larger letter separations, we compared the pre- and post-test mea-
surements of the spatial extent of crowding. Fig. 5 shows the data
from two observers of each training group, one with the largest
change in the spatial extent of crowding (top panels) and the other
with the smallest change in the spatial extent of crowding (bottom
panels). Dotted lines in the panel for observer D3 represent how
we deﬁned the spatial extent of crowding (the letter separation
that yielded a proportion-correct of identifying the middle ﬂanked
letters at 52% correct). The change in the spatial extent of crowd-
ing, expressed as the post-pre ratio (PPR: Levi & Li, 2009), averaged
across observers of each group, is plotted for the three training
groups in Fig. 4B (see also Table 1). A PPR smaller than 1 implies
that the spatial extent is smaller after training than before. Aver-
aged across observers of each group, the PPR averaged
0.815 ± 0.089, 0.806 ± 0.082 and 0.918 ± 0.063 for the daily, weekly
and biweekly training groups, respectively. Because the 95% conﬁ-
dence ranges do not include the value of 1 (no improvement), these
PPRs represent signiﬁcant changes in the spatial extent of crowd-
ing following training for all three training groups. However, these
changes are not different from one another (ANOVA: Fdf=2 = 2.59,
p = 0.10).
We also examined if the improvement in identifying crowded
letters generalize to an increased in the size of the visual span.
Fig. 6 presents the data from two observers of each training group,
one with the largest increase in the size of the visual span (top pan-
els) and the other with the least increase in the size of the visual
span (bottom panels). For each observer, we calculated the differ-
ence in the size of the visual span before and after training. Aver-
aged across observers of each group, the visual span increased by6.93 ± 2.22 bits, 7.37 ± 1.94 bits and 6.67 ± 1.85 bits for the daily,
weekly and biweekly training groups, respectively (Fig. 4C and Ta-
ble 1). In other words, all three groups exhibited signiﬁcant
improvement in the size of the visual span following training on
identifying crowded letters (the 95% conﬁdence limits of all the
distributions did not contain the value of 0), but these improve-
ments are not different among the three groups (ANOVA:
Fdf=2 = 0.12, p = 0.89).
The third comparison we made for measurements before and
after training was the size threshold for letter identiﬁcation. The
PPR for the three training groups averaged 0.78 ± 0.11,
0.81 ± 0.09 and 0.77 ± 0.06 for the daily, weekly and biweekly
training groups, respectively (Fig. 4D and Table 1). ANOVA shows
that these values are not statistically different from one another
(Fdf=2 = 0.23, p = 0.80).4. Discussion
Following six sessions (6000 trials) of repeated practice on the
task of identifying crowded letters at 10 inferior visual ﬁeld,
observers’ performance for identifying such letters improved sub-
stantially. This improvement following training transferred to
other untrained letter separations such that the spatial extent of
crowding, deﬁned as the letter separation at which the target letter
was identiﬁed at 50% accuracy (after correction for guessing), de-
creased with training. Further, the improvement also led to an
enlargement of the visual-span proﬁle, and improved letter-size
threshold. Most importantly, the amount of improvements for
the trained task or other untrained tasks did not depend on
whether training was conducted on a daily, weekly or biweekly
schedule. These ﬁndings bear signiﬁcant practical implication as
they imply that there is no need for observers to attend daily
Table 1
p-Value of the regression ﬁt to the training data (to determine if the slope differs from 0) and performance before and after training, are given for each observer in each training
group. Error bars associate with the average values are ±95% CI.
Observer Training data: p-value
of regression ﬁt
Training data: (60th block accuracy  1st
block accuracy)/1st block accuracy
Post/pre ratio of spatial
extent of crowding
Post–pre difference in size




D1 0.0001 0.209 0.825 8.470 0.787
D2 0.7356 0.015 0.948 –0.320 0.776
D3 <0.0001 0.635 0.592 5.469 0.970
D4 0.0004 0.308 0.700 7.008 0.990
D5 <0.0001 0.443 0.783 8.670 0.492
D6 <0.0001 0.639 0.982 7.491 0.679
D7 <0.0001 0.608 0.804 9.344 0.729
D8 0.0094 0.202 0.888 9.276 0.786
Average 0.379 ± 0.168 0.815 ± 0.089 6.926 ± 2.219 0.776 ± 0.110
Weekly training group
W1 <0.0001 0.247 1.014 2.802 0.771
W2 <0.0001 0.908 0.789 4.920 0.832
W3 <0.0001 0.312 0.875 10.680 1.089
W4 <0.0001 0.571 0.774 7.697 0.688
W5 <0.0001 1.096 0.615 10.600 0.815
W6 0.3463 0.051 0.800 5.382 0.787
W7 <0.0001 0.277 0.869 8.965 0.685
W8 <0.0001 0.488 0.713 7.875 0.813
Average 0.494 ± 0.245 0.806 ± 0.082 7.365 ± 1.944 0.810 ± 0.087
Biweekly training group
B1 0.0020 0.208 0.832 5.902 0.706
B2 0.0013 0.261 1.022 3.055 0.817
B3 0.0017 0.244 0.929 12.010 0.741
B4 0.0019 0.212 0.890 7.326 0.942
B5 <0.0001 0.327 0.853 6.022 0.682
B6 0.0008 0.273 0.925 6.380 0.716
B7 0.1078 0.112 1.075 4.526 0.831
B8 <0.0001 0.449 0.819 8.117 0.727
Average 0.261 ± 0.068 0.918 ± 0.063 6.668 ± 1.849 0.770 ± 0.060
46 S.T.L. Chung, S.R. Truong / Vision Research 77 (2013) 41–50training sessions in the laboratory to maximize their beneﬁts from
perceptual learning. This is especially important if perceptual
learning is going to be adopted as a treatment for clinical
populations.
It is well known that the magnitude of improvement following
perceptual learning depends on many aspects of the training re-
gime, including the training task (Fine & Jacobs, 2002), the total
number of practice trials (e.g. Tsodyks & Gilbert, 2004), the amount
of practice within each training session (Aberg, Tartaglia, & Herzog,
2009; Hussain, Sekuler, & Bennett, 2009; Kumar & Glaser, 1993)
and the distribution of practice across time (Aberg, Tartaglia, &
Herzog, 2009; Molloy et al., 2012; Taub & Goldberg, 1973; Xue
et al., 2011). Task speciﬁcity is a notable characteristic of percep-
tual learning. Even for tasks that are seemingly related, for exam-
ple, letter identiﬁcation and reading, the transfer of learning from
a trained to an untrained task is usually not complete. Maximal
improvement is always obtained using a training task that targets
directly at the intended visual function (Yu et al., 2010). The choice
of a training task should therefore, be based on the speciﬁc visual
function for which an improvement is desired. Even with the most
relevant task, how much training is necessary? For sensory visual
tasks, a recent report suggests that as few as one trial per condition
on the ﬁrst day of training is sufﬁcient to produce an improvement
greater than that for the control group (Hussain, Sekuler, & Ben-
nett, 2009), although maximal learning requires more practice tri-
als, from a total of several hundreds (Fiorentini & Berardi, 1981;
Karni & Sagi, 1993; Poggio, Fahle, & Edelman, 1992; Wright & Sa-
bin, 2007) to even thousands (Li, Levi, & Klein, 2004), depending
on the speciﬁc training task. Note that however, performance for
some tasks may continue to improve with additional practice up
to 40–50 h (Li, Klein, & Levi, 2009; Li, Provost, & Levi, 2007). But
how much practice within each training session is needed? Aberg,Tartaglia, and Herzog (2009) report that for a Chevron discrimina-
tion task, a minimum of 400 trials per training session is required
to produce improvements. However, numerous reports show that
the distribution of the practice trials, instead of the total number
of practice trials, is a more important factor governing the amount
of learning. The distribution of practice trials has often been dis-
cussed in the context ofmassed vs. spaced practice. Massed practice
refers to the condition when successive trials are delivered one
after another in a continuous manner whereas spaced training re-
fers to the condition when there is a short time interval between
successive trials, even if the interval is in the order of a few seconds
(Ramsay, Utrecht, & Alkema, 1967; Taub & Goldberg, 1973; for re-
views, see Donovan & Radosevich, 1999; or Cepeda et al., 2006).
Most studies report that spaced practice is often accompanied by
a greater magnitude of improvement and a higher retention of
learning than massed practice (for reviews, see Donovan & Radose-
vich, 1999; or Cepeda et al., 2006), a ﬁnding that has been attrib-
uted to the need for consolidation of learned information,
memory enhancement and/or the reduction of neural repetition
suppression (e.g. Karni & Sagi, 1993; Xue et al., 2011). However,
at least in the visual perceptual learning literature, one aspect of
the training regime that receives little, if any, attention is the fre-
quency of training sessions. The frequency of training sessions dif-
fers from the massed vs. spaced training in that the former one
refers to the time interval between successive training sessions
while the latter one refers to the time interval between successive
trials. If perceptual learning is to be adopted as a treatment, or a
mean to improve visual functions for the clinical populations, it
is important to know what is the maximum time interval between
training sessions such that the maximal learning effect could still
be observed. Using an uncrowded letter identiﬁcation training





















































































































Fig. 4. Improvements in accuracy of identifying crowded letters during training (A) and the associated improvements in the spatial extent of crowding (B), the size of the
visual-span proﬁle (C) and letter-size threshold (D) are compared for the three training groups (daily, weekly and biweekly). Values plotted are averages across observers in
each group. Error bars represent ±95% conﬁdence intervals. Small gray dots represent values for individual observers. For (A), values plotted represent the ratio in
performance accuracies between the last and the ﬁrst block of trials. For (B) spatial extent of crowding and (D) letter-size threshold, post-/pre-ratios smaller than 1 (dashed
lines) represent improvements.
3 Note that highly similar amount of learning was obtained despite the different
fonts, and how letter separations were speciﬁed in the current study vs. Chung
(2007).
S.T.L. Chung, S.R. Truong / Vision Research 77 (2013) 41–50 47for identifying crowded letters, and the improvements that were
transferred to the untrained tasks (spatial extent of crowding, size
of visual span and letter-size threshold) did not depend on
whether observers were trained on a daily, weekly or biweekly
schedule. In relation to the current theories of how perceptual
learning relates to the need for the consolidation of learned infor-
mation and memory, our results imply that the consolidation of
the learned information is the same, and that the decay of the
memory of the learned information does not change with the time
interval between training sessions (at least up to intervals of
2 weeks). This seems to contradict our everyday experience that
our memory of an event decays with time. However, our results
are consistent with one or more of the following explanations:
(1) the decay of memory of an event (can be considered as a
‘‘one-trial’’ practice) is different from the decay of memory of
learned information through extensive practice (in our experiment,
observers practiced 1000 trials per session), possibly due to a
building-up or reinforcing of the representation of the learned
information in memory through repeated practice in a single ses-
sion; (2) the maximum amount of decay of learning occurs within
24 h after the end of a training session; and/or (3) the topping-up
of the learning effect from each subsequent training session is the
same regardless of the time interval since the last training session.
Whether or not these speculations are correct is outside the scope
of the current study but warrants further investigations.
Perceptual learning is deﬁned as ‘‘. . .any relatively permanent
and consistent change in the perception of a stimulus array, after
practice or experience with this array’’ (Gibson, 1963). In order
for perceptual learning to be a useful treatment to ameliorate the
functional vision of clinical patients, in addition to the effective-
ness of the training paradigm, another important consideration is
the retention of the learning effect. Hence, an interesting questionis whether the different training schedules affect how well observ-
ers retain their learning after training ceases, despite similar learn-
ing effects. Unfortunately, we did not examine retention in this
study. However, in real life, if the trained task is an important daily
task for the clinical patients (e.g. reading), then the patients are
likely to be exposed to that task even after training ceases in the
laboratory. This additional exposure could act as top-up training,
and the question of how long the learning effect can be retained
may not be too crucial an issue.
4.1. Comparison with Chung (2007)
The secondary goal of this study was to investigate if the
improvements following a training protocol to learn to identify
crowded letters would lead to an increase in the size in the visual
span. The rationale for the investigation was to bridge our knowl-
edge of the link between the visual span and reading speed (Legge,
2007; Legge, Mansﬁeld, & Chung, 2001; Legge et al., 2007), and the
lack of an accompanied increase in reading speed following a very
similar training paradigm (Chung, 2007). Using essentially the
same training protocol (same number of observers, same trained
retinal location and same number of daily training sessions and
number of trials), the magnitude of improvement during training
((performance accuracy for the last block  performance accuracy
for the ﬁrst block)/performance accuracy for the ﬁrst block) was
highly similar between the study of Chung (2007: 0.381 ± 0.086
[95% CI]) and the daily-training group of the present study
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Fig. 5. Proportion of correct responses of identifying the middle letter of trigram is plotted as a function of letter separation (multiples of standard spacing) for two observers
in each training group (left: daily training group; middle: weekly training group; right: biweekly training group), before (unﬁlled symbols) and after (ﬁlled symbols) training.
Data for the observer in each group showing the most reduction in the spatial extent of crowding are shown in the top panels. Data for the observer in each group showing the
least reduction in the spatial extent of crowding are shown in the bottom panels. Each set of data was ﬁt with a cumulative-Gaussian function (smooth line through data
points). The spatial extent of crowding is deﬁned as the letter separation that yields 50% correct of letter identiﬁcation (after correction for guessing) on the cumulative-
Gaussian function, represented by the dotted lines shown in the upper left panel (observer D3). Arrows on the x-axes indicate the trained letter separation. In each panel,
black lines represent the best-ﬁt cumulative-Gaussian function to the individual observer’s data; while gray lines represent the best-ﬁt cumulative-Gaussian function to the


































































Fig. 6. Visual-span proﬁles, plots of proportion of correct responses of letter-recognition as a function of letter position, are shown for two observers in each training group
(left: daily training group; middle: weekly training group; right: biweekly training group), before (unﬁlled symbols) and after (ﬁlled symbols) training. Data for the observer
in each group showing the largest increase in the size of the visual span (see text for how the size of the visual span is quantiﬁed) are shown in the top panels. Data for the
observer in each group showing the smallest increase in the size of the visual span are given in the bottom panels. Each set of data was ﬁt with a split-Gaussian function
(smooth line through data points). In each panel, black lines represent the best-ﬁt split-Gaussian function to the individual observer’s data; while gray lines represent the
best-ﬁt split-Gaussian function to the data averaged across the eight observers in the respective training group.
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reading speeds before and after training, they would likely show
an enlargement of the visual span, as we found in the present study,
but not an increase in the maximum reading speed, as was reported
in Chung (2007). Previously, Legge and co-workers reported that the
size of the visual span and the maximum reading speed exhibit the
same qualitative dependence on character size, contrast (Legge et al.,
2007) and testing eccentricity (Legge, Mansﬁeld, & Chung, 2001).
Further, following 20 repeated measurements of the visual-span pro-
ﬁle, the size of visual span increases and is accompanied by an in-
crease in the maximum reading speed (Chung, Legge, & Cheung,
2004). Based on the relationships between the size of the visual span
and reading speed for different stimulus or testing conditions, Legge
et al. (2007) deduced that an increase in the size of the visual span by
4.7 bits corresponds to approximately 39% increase in the maximum
reading speed. However, despite the 7-bit increase in the size of the
visual span exhibited by the daily-training group of the present
study, maximum reading speed increased by a mere 7.2% in Chung
(2007). What could have accounted for the lack of an increase in
reading speed despite a sizeable increase in the size of the visual
span?
The words we used for our RSVP reading task were presented
left-justiﬁed on the computer display, and contained different
number of letters. As such, the letters of the words extended to dif-
ferent letter positions right of ﬁxation. We speculate that reading
speed would beneﬁt from an increase in the bits of information
transmitted by the visual span if the increase in bits was distrib-
uted evenly across the different letter slots of the entire visual-
span proﬁle. However, our training task might have selectively im-
proved the letter identiﬁcation ability of our observers at only one
letter position, the one corresponding to the target middle letter of
trigrams, the position that was directly below ﬁxation. Potentially
our training task might have caused a location-speciﬁc improve-
ment in letter identiﬁcation, which might not have been of much
beneﬁt to reading. To determine if our training paradigm indeed
led to an improvement that was speciﬁc to the location of the mid-
dle letters of trigrams (at 10 directly below ﬁxation), we calcu-
lated the difference in bits of information transmitted by the
visual span before and after training, only for letter position 0
which corresponded to the position of the middle letters of tri-
grams during training, and normalized this value to the overall dif-
ference in the size of the visual-span proﬁle before and after
training (from ﬁve letter slots left of the vertical midline to ﬁve let-
ter slots right of the vertical midline). For comparison, this ratio
was also calculated for the six observers who were trained at 10
in the inferior visual ﬁeld using a visual-span letter-recognition
training task, which presumably should have caused a more uni-
form improvement in letter-recognition across all letter positions
(Chung, Legge, & Cheung, 2004). Averaged across observers of the
respective group, these ratios are 0.11 ± 0.03 [95% CI] and
0.08 ± 0.02 for the present study and that of Chung, Legge, and Che-
ung (2004), respectively. These similar values suggest that
although we only trained observers at one retinal location in the
present study, the improvements transferred to other untrained
letter positions thus leading to a general improvement in letter-
identiﬁcation across different letter positions. More importantly,
these results suggest that our training trigrams presented directly
below ﬁxation did not cause a location-speciﬁc improvement in
letter recognition, and thus could not explain why there was a lack
of an increase in reading speed despite an increase in the size of the
visual span.
Another possibility is that although both the visual span and
reading speed are limited by low-level sensory factors such as let-
ter contrast, letter size and retinal eccentricity, reading is likely to
be subjected to additional higher-level limiting factors. These fac-
tors include contextual cues and the global shape information ofcombinations of letters (combinations of chunks of letters within
a word or the overall word-shape). With our uncrowd training task,
observers were trained to ignore the two ﬂanking letters so as to
improve their performance to identify the ﬂanked letters. Thus,
this training task would not have helped observers to improve
their ability to recognize the global shape of letter-combinations,
which could be important in reading (Pelli & Tillman, 2007). This
is different from the visual-span letter-recognition training task
in which observers had to identify all three letters of a trigram
on each trial. One way to bridge the gap between the two types
of training tasks is to train observers on trigrams that are always
presented at one location, but require observers to report the iden-
tities for all three letters. An alternative way is to train observers
using trigrams that are presented at different letter positions left
and right of the vertical midline, but only require observers to re-
port the middle letter of each trigram.
4.2. Summary
Consistent with the ﬁndings of Chung (2007), practicing identi-
ﬁcation of letters closely ﬂanked by two other letters in peripheral
vision improves observers’ performance for identifying such let-
ters. This improvement transfers to other larger letter separations
such that the spatial extent of crowding is reduced following train-
ing, and is accompanied by an increase in the size of the visual span
and a smaller letter-size threshold. Most importantly, the magni-
tudes of these improvements do not depend on whether observers
were trained on a daily, weekly or biweekly schedule. Our results
imply that clinical patients may beneﬁt from perceptual learning
even if they receive training once a week or every other week. In-
deed, Chung (2011) trained a group of observers with central vi-
sion loss due to macular disorders once a week using a reading
task, and found a sizeable (an average of 53%) increase in reading
speed following six sessions (weeks) of training. This result pro-
vides support that clinical patients with reduced vision can beneﬁt
from perceptual learning on a weekly (perhaps even less frequent)
training schedule.
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